Koi herpesvirus (KHV) was identified as being associated with more than one mortality event affecting common carp in Canada. The first was an extensive mortality event that occurred in 2007 in the Kawartha Lakes region, Ontario, affecting Lakes Scugog and Pigeon. Fish had branchial necrosis and hepatic vasculitis with an equivocal interstitial nephritis. Several fish also had branchial columnaris. Subsequent mortality events occurred in 2008 in additional bodies of water in south-central Ontario, such as Lake Katchewanooka and outside of Ontario in Lake Manitoba, Manitoba. Koi herpesvirus was detected in fish submitted for examination from all of these lakes by polymerase chain reaction (PCR), and sequence of the PCR product revealed 100% homology to KHV strains U and I. Real-time PCR analysis of KHV-infected wild carp revealed viral loads ranging from 6.02310 1 to 2.4310 6 copies mg 21 host DNA. This is the first report of KHV in Canada.
INTRODUCTION
Koi herpesvirus (KHV) is a fish pathogen that predominantly infects common and koi carp (Cyprinus carpio and C. carpo koi, respectively) causing disease and mass mortality in farmed and wild populations of these species. Morphologically, the virus was identified as a member of the family Herpesviridae (Bretzinger et al., 1999; Hedrick et al., 2000) . Subsequent viral genomic sequencing confirmed this placement and revealed KHV to be a new species in the branch of Herpesviridae infecting fishes and amphibians (Waltzek et al., 2005; Aoki et al., 2007) . Of the members of the fish herpesvirus group, KHV is related most closely to cyprinid herpesvirus 1 and 2 (CyHV-1 and CyHV-2) and has been given the formal species designation Cyprinid herpesvirus 3 (Waltzek et al., 2005) .
Koi herpesvirus-associated disease was first described in Israel and the USA in 1998 (Hedrick et al., 2000) and in Germany in 1997 -1998 (Bretzinger et al., 1999 ; however, analysis of archived histologic tissue samples from England suggested the presence of KHV as early as 1996 (Haenen et al., 2004) . Since the first isolation of the virus, KHV has been found to have nearly a worldwide distribution. Koi herpesvirus has been associated with mortalities among common carp and koi in Europe (Austria, Belgium, Denmark, the UK, France, Germany, Italy, Luxemburg, the Netherlands, Switzerland, Poland), Asia (Indonesia, Israel, Japan, Taiwan, Thailand, Korea), South Africa, and the USA (Haenen et al., 2004; Haenen and Hedrick, 2006) . The rapid and extensive spread of KHV is presumably due to a combination of factors, including the global trade in ornamental and aquarium fish, the historic shortcomings in diagnostic methods, and lack of legislation to control and prevent incursion of the virus.
Detection and confirmation of KHV was hampered because of the difficulty of isolating the virus from diseased fish by traditional cell-culture methods. Thus diagnostic assays using polymerase chain reaction (PCR) -based methods were developed (Gray et al., 2002; Gilad et al., 2004; Gunimaladevi et al., 2004; Bercovier et al., 2005; Soliman and El-Matbouli, 2005) , and currently are the most sensitive diagnostic tools available for detection of KHV. With a better capacity to detect KHV and a need to limit transboundary movement of virus-infected fish, the World Organisation for Animal Health (OIE) in 2006 added KHV disease to the list of notifiable diseases, thereby requiring detection of KHV to be reported to the OIE.
Koi herpesvirus not only poses a constant global threat to the ornamental koi and farmed common carp industries, but also causes significant losses in noncultured common carp populations, referred to hereafter as wild carp. In the UK, KHV was detected in common carp suffering large mortalities in angling waters in 2003 (Denham, 2003) . In 2004 and 2005 KHV was detected at additional sites, and by 2006 KHV outbreaks were reported and confirmed at 23 sites in southern England (Way, 2008) . In the USA, KHV was associated with disease outbreaks in wild common carp in 2004 in New York and South Carolina (Terhune et al., 2004; Grimmett et al., 2006) . In 2005, the virus range among wild carp was expanded into Wisconsin and in 2006 the virus was detected in Twin Buttes reservoir in Texas (Haenen and Hedrick, 2006; Southard and Fries, 2006) and in 2009 it was detected in Lake Mohave, Arizona (Arizona Game and Fish Department, 2009 (Ontario Ministry of Natural Resources, 2007) . In the summer of 2008 carp mortality events were reported in 15 bodies of water again in southcentral Ontario, although not in the same bodies where mortalities had occurred the previous year. A minimum estimation of 13,000 carp died in 2008. There was also a die-off event from Lake Manitoba, Manitoba, Canada. This report describes the identification of KHV from these die-off events of common carp in Ontario and Manitoba, Canada.
MATERIALS AND METHODS

Fish
Ontario: In June and July of 2007 and 2008, dead or dying wild common carp were collected at various locations within southcentral Ontario ( Fig. 1 and Table 1 ). Both male and female fish were collected, and they ranged in size from approximately 30 to 80 cm. Whole fish were placed on ice and transported to either the Fish Health or Fish Pathology Laboratories at the University of Guelph, Guelph, Ontario, Canada. After external examination, gill, liver, spleen, anterior kidney, and heart tissues were aseptically collected for viral assays, and spleen and posterior kidney were collected for bacterial analyses.
Mortality of carp was first observed in Lake Scugog on 2 June 2007, and nine fish were submitted for examination during June 4-9 (Table 1 ). Subsequently on 29 June 2007, dead carp were observed on all areas of Pigeon Lake, with mortalities occurring through the end of July. Concomitantly, carp mortalities were reported on Lakes Sturgeon, Balsam, Mitchell, Buckhorn, Chemung, Canal, Cameron, and Sandy (Ontario Ministry of Natural Resources, 2007) . Surface water temperature during mortality events was approximately 22-24 C, and common carp were noted to be spawning during the time when mortality was first noted in the beginning of June. Estimates from municipal waste collections indicated that 90 tonnes of carp were disposed of at local landfills, which equates to approximately 13,000-24,000 carp. Estimates do not include the number of carp that were disposed on private land, or those that decomposed in the lakes. In 2008, die-off events in Ontario began in early June and an estimated 13,000 fish died collectively from 15 different bodies of water.
Manitoba: In July-August 2008, five moribund wild common carp were collected from the Lundar Beach area of Lake Manitoba ( Fig. 1 and Table 1 ). Fish were transported on ice to the Freshwater Institute and were received on the day of sampling. Fish tissues were collected for bacterial and viral analyses. Thousands of carp were estimated to be involved in the mortality event (G. Klein, Manitoba Water Stewardship, pers. comm.). 
Pathology and histology
Fifteen fish that had undergone the least amount of postmortem autolysis were selected from Lakes Scugog, Pigeon, Sturgeon, and Katchewanooka for histologic analysis. Tissue examined in most cases included heart, gills, spleen, kidney, liver, intestine, pancreas, swim bladder, brain, eye, muscle, and skin. Wet mounts were prepared from gill biopsies and skin scrapes from all fish submitted. Tissues were fixed in 10% (v/v) buffered formalin, processed by routine methods, sectioned at 5 mm, and stained with hematoxylin and eosin (H&E). Ziehl-Neelsen, Giemsa, periodic-acid Schiff, and Brown and Brenn modified Gram stains were performed on selected tissues.
Bacteriology
Spleen and kidney tissues were sampled from fish die-off events in both Ontario and Manitoba. Tissues were cultured aseptically and streaked on cytophaga, trypticase soy, and blood agar (Difco Laboratories, Detroit, Michigan, USA), and aerobically incubated at ,20 C and 37 C for 48-72 hr. Samples from several fish also were incubated microaerophilically.
Viral analysis by cell culture
Dissected tissues from each of the fish samples listed in Table 1 were placed in a Whirl-PakH bag, weighed, and homogenized with the use of a stomacher (Seward Stomacher 80 Biomaster Labsystem, Bohemia, New York, USA) or pressed with a wooden rolling pin. Hank's balanced salt solution (Gibco, Grand Island, New York, USA) was added to prepare a 2% tissue homogenate, which was centrifuged at 2,500 3 G for 15 min at 4 C. Clarified supernatant was passed through a 0.45-mm low-protein binding membrane filter (Nalgene, Rochester, New York, USA) and inoculated onto duplicate monolayers of one or multiple cell lines, including epithelioma papulosum cyprinid (ECP), koi fin (KF-1), fathead minnow (FHM), common carp brain (CCB), rainbow trout gonad (RTG-2), and Chinook salmon embryo (CHSE-214), and incubated at temperatures ranging from 15 to 22 C. After inoculation, cells were monitored for cytopathic effects (CPE) for up to 21 days.
Spring viremia of carp virus (SVCV) and viral hemorrhagic septicemia virus (VHSV) testing by conventional nested RT-PCR
Total RNA was extracted from the 30-75-mg fish tissue with the use of Trizol (Invitrogen, Carlsbad, California, USA) in accordance with the manufacturer's protocol. RNA pellets were individually resuspended in 50 ml nuclease (DNase & RNase)-free water (Invitrogen). RNA was evaluated and quantified with the use of a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, Delaware, USA). RNA was stored at 280 C until it was analyzed for SVCV and VHSV with the use of reverse-transcriptase polymerase chain reaction (RT-PCR).
Spring viremia of carp virus seminested RT-PCR was performed as described (Garver et al., 2007) with the use of the OIE-recommended forward and reverse primer set SVCV F1 and SVCV R2 (first round) and SVCV F1 and SVCV R4 (second round) amplifying a 606-base pair (bp) segment of the SVCV glycoprotein gene.
Viral hemorrhagic septicemia virus RT-PCR was performed as outlined in the American Fisheries Society Blue Book (American Fisheries Society, 2007) with the use of nested primer sets first forward 59-GGGGACCCCA-GACTGT-39 and first reverse TCTCTGT-CACCTTGATCC-39 and second forward 59-ATGGGCTTCAAGGTGACAC-39 and second reverse 59-GTATCGCTCTTGGATGGAC-39. Primers target the N-gene with first and second rounds amplifying 811-and 558-bp segments, respectively.
Koi herpesvirus nested PCR and sequence analysis DNA was extracted from carp tissues with the use of Qiagen's DNeasy Blood and Tissue Kit (Qiagen, Mississauga, Ontario, Canada) in accordance with the manufacturer's protocol. First-round PCR with the use of primers targeting the KHV thymidine kinase (TK) gene was performed as described (Bercovier et al., 2005) with modifications. Briefly, 2 ml of DNA extract was added to 48 ml of master mix containing 0.1 mM Bercovier TK forward (59-GGGTTACCTGTACGAG-39) and reverse (59-CACCCAGTAGATTATGC-39) primers 2.5 mM MgCl 2 (Invitrogen), 0.25 mM dNTPs (Invitrogen), 13 Invitrogen's PCR buffer, and 1.25 U Platinum Taq Polymerase (Invitrogen). Reactions were run under the following thermocycling parameters: 5 min at 94 C, 30 cycles of 1 min at 95 C, 1 min at 55 C, 1 min at 72 C, followed by a 10-min extension at 72 C. Polymerase chain reaction products were visualized on a 1.5% agarose gel containing 0.23 SYBR safe DNA gel stain (Invitrogen). Positive KHV amplification resulted in a 409-bp fragment. If no band was visible, 2 ml of first-round PCR product was used as template for second-round PCR.
Second-round PCR was carried out under the same conditions, but used 0.1-mM TK internal forward (59-CGTCTGGAGGAATAC-GACG-39) and internal reverse (59-ACCGTA-CAGCTCGTACTGG-39) primers supplied by David Stone, Cefas Laboratory, Weymouth, Dorset, UK. Positive KHV amplification resulted in a 348-bp fragment. Nested PCR product was purified with the use of Qiagen's QIAquick PCR purification kit (Qiagen) and sequenced with the use of Applied Biosystems' Big Dye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, California, USA). Complementary sequencing reads were obtained using 10-ml sequencing reactions with second-round TK primers. Cycling conditions included a 1-min incubation at 96 C followed by 24 cycles of 10 sec at 96 C, 5 sec at 50 C, and 4 min at 60 C. Sequencing reactions were column purified with Qiagen's DyeEx 2.0 spin kit (Qiagen) and run on an ABI 3130xl Genetic Analyzer (Applied Biosystems). Gene Mapper was used for base calling and sequences were analyzed with Sequencher 4.7 software (Gene Codes Corp., Ann Arbor, Michigan, USA).
Koi herpesvirus quantification with the use of real-time PCR Koi herpesvirus genome copies (virus load) were measured in positive carp tissues with the use of a real-time quantitative PCR (qPCR) as described (Gilad et al., 2004) . One microgram of DNA (extracted from KHV-positive carp tissues as described above) was added to each 25 ml PCR reaction containing 0.6 mM KHV-86f forward and 163r reverse primers and 0.2 mM KHV-109p probe in 13 Universal TaqMan PCR master mix (Applied Biosystems). Samples were run in triplicate under the following conditions: 2 min at 50 C, 10 min at 95 C, and 40 cycles of 15 sec at 95 C, 1 min at 60 C. Absolute quantification and PCR efficiency was determined based on a standard curve with the use of 10-fold serial dilutions from 10 9 to 10 copies of plasmid containing the KHV amplicon. As a genomic DNA extraction control, a second assay targeting the koi glucokinase gene was conducted in parallel, as described previously (Gilad et al., 2004) .
RESULTS
Gross pathology and histopathology
Carp sampled from Lakes Scugog, Pigeon, and Katchewanooka occasionally contained protozoans (holotrichous ciliates and trichodinids) found on skin scrapes and gill biopsies. Gills of several fish from Pigeon Lake also had mats of bacterial filaments consistent with Flavobacterium columnare. The majority of fish had widespread hemorrhage of the epidermis and fins, and this was particularly notable on carp from Lake Scugog (Fig. 2) . Petechial and ecchymotic hemorrhages were widespread on serosa, the swim bladder, and the surface of the liver. The majority of fish had normal eyes. Some degree of autolysis was present in the gills of all fish, and therefore interpretation of the presence of epithelial necrosis was difficult. Consistent light microscopic lesions included the presence of interlamellar and lamellar cells, presumably macrophages, whose cytoplasm was expanded with eosinophilic debris (Fig. 3) . There was no epithelial hyperplasia or mucous metaplasia, and eosinophilic granular cells were numerous. Morphologically similar cells were present in the lamina propria, and less commonly in the mucosa of the intestine. Also present in most fish examined, but of variable severity, was a fibrinoid vasculitis of hepatic venules and sinusoids with necrosis of endothelial cells. Venule lumens were expanded and surrounded by thick collars of macrophages and other leukocytes and edema (Fig. 4) . Veins of the spleen and kidney were also occasionally affected. Splenic hemosiderosis was common, as was white and red pulp atrophy. Several fish had multiple small hypercellular histiocytic and lymphocytic foci in the ventricular myocardium. The fish also had an equivocal interstitial nephritis. One fish had a large area of branchial filaments that had undergone complete necrosis (all cell types affected) associated with very large numbers of filamentous bacteria (not shown). Other lesions noted and not unexpected in wild fish were the presence of metazoan-type granulomas of the renal interstitium and lamina propria and submucosa of the intestine. There were multiple ectopic thyroid acini in the renal interstitium of one fish and trichodina were noted on the gills of several fish. Fish sampled from Lake Manitoba were not examined histologically.
Bacterial culture
From some of the carp submitted from lakes in Ontario, particularly from those fish that had been collected dead, small numbers of morphologically mixed bacteria were cultured. Flavobacterium columnare was the predominant species identified in carp taken from lakes in Ontario during mortality events in 2007. In 2008, bacterial species, including Acinetobacter lwoffi, Aeromonas hydrophila, Aeromonas sobria, Enterococcus faecalis, and Shewanella putrefaciens were detected. No bacteria were cultured from Lake Manitoba specimens.
Cell culture
No replicating agent was cultured from any of the carp samples listed in Table 2 . No CPE was observed in any of the cell lines on either the first or second passage incubated at temperatures ranging from 15 to 22 C (Table 2 ). Koi fin (Hedrick et al., 2000) and carp brain (Neukirch et al., 1999) cell lines incubated at 20 C exhibited CPE within 10 days of inoculation of a KHV-positive control isolate.
Spring viremia of carp virus and VHSV RT-PCR
Spring viremia of carp virus and VHSV RT-PCR assays performed on RNA extracts of tissue dissected from each of the carp sampled (Table 1) were negative for amplification of either SVC or VHS viral RNA (Table 2) . herpesvirus with the use of a KHV-specific nested PCR (Table 2 ). In all of the samples that were collected during the mortality events, a prominent secondround nested PCR product of 348 bp was amplified (Table 2) . A proportion of these were detectable after the first round of PCR. Nucleotide sequence analysis from each KHV PCR-positive product revealed 100% identity, and a BLAST search of 240-bp sequence revealed 100% identity to KHV strain U isolated in the eastern United States in 2003 and strain I isolated in 1998 from koi sampled in Israel (GenBank Accession Nos. DQ657948 and DQ177346, respectively) (Aoki et al., 2007) .
Koi herpesvirus-specific qPCR further confirmed the presence of viral DNA in all samples identified to be positive for KHV by conventional PCR. Koi herpesvirus was quantified for all infected tissue samples and expressed as the absolute number of virus genome copies per mg of host DNA (also equivalent to copies per reaction) and per 10 6 host cells. A wide range of KHV concentrations were observed (Table 2). Out of the nine dead or moribund wild carp analyzed, the viral load ranged from 6.02310 1 to 2.39310 6 copies mg 21 host DNA or 5.70310 1 to 1.193 0 8 copies per 10 6 host cells (Table 2) .
DISCUSSION
We describe the first detection of KHV in wild common carp in Canada. Carp sampled from mortality events in the provinces of Ontario and Manitoba were positive for KHV by all or a combination of methods, including nested PCR, qPCR, and nucleotide sequencing, and the fish had histopathologic lesions consistent with a viral etiology. These positive detections extend the geographic range of the virus and represent the most northern detections of KHV in North America.
The exact mechanism(s) and timing of the introduction of KHV into Canada is unclear. With the observation that koi and goldfish can be carriers of KHV (El-Matbouli et al., 2007; Sadler et al., 2008) , there is potential for virus to be spread into Canada through shipments of healthy-looking ornamental koi and goldfish. However, in the absence of a highresolution KHV typing method that differentiates KHV strains, viral traffic patterns will remain obscure. In this study, nucleotide sequencing of a portion of the (Aoki et al., 2007) between strains from the United States, Israel, and Japan; however, further investigations into the molecular epidemiology of the virus are necessary to differentiate viral strains and track transboundary movements of KHV.
Estimates of viral load were determined in tissues of KHV-positive wild common carp with the use of qPCR. Previous work by Gilad et al. (2004) demonstrated that high concentrations of KHV in tissues of experimentally infected koi correlated with high levels of mortality. Moreover, at the peak of infection KHV genome copies in most tissues ranged from 10 7 to 10 9 per 10 6 host cells. In comparison, our study revealed KHV concentrations in wild carp sampled from mortality events ranged from ,10 to 10 8 KHV DNA copies per 10 6 host cells. Surprisingly, although all nine KHV-positive fish sampled were either moribund or dead, five fish had titers lower than 350 copies per 10 6 host cells. This contrasts the work by Gilad et al. (2004) , which revealed mortalities from a KHV waterborne exposure challenge contained titers of .10 6 copies per 10 6 host cells. When lower KHV genome copies (,200 per 10 6 host cells) were observed by Gilad et al. (2004) they were associated with koi that survived experimental KHV infection rather than with moribund or dead fish. In our study, the numbers of KHV genomic copies observed among mortalities were lower compared with those observed by Gilad et al. (2004) , which may in part be due to differences in fish, infection time, and water temperature during infection. It is well documented that time from initial infection and water temperature and the interaction between them affect concentrations of KHV DNA in fish (Gilad et al., 2004) . Additionally, because the mortalities investigated in this report occurred in wild carp populations in the natural environment, it was not possible to determine when and how long fish were infected with KHV. Moreover, because of the wild origin of these carp, the previous disease status also remains unknown. For instance, prior exposure to KHV would presumably influence concentrations of KHV DNA in subsequent infections. The concentration of KHV DNA copies in carp/koi might also be impacted by the presence of concomitant parasite or bacterial infections. It is not uncommon for opportunistic, secondary parasite, and bacterial pathogens to be present with KHV infections (Haenen et al., 2004) Although it is uncertain what role KHV played in the Canadian wild carp mortality events, comparisons of previously reported KHV-associated wild carp mortality events has identified some common features. Koi herpesvirus outbreaks in wild carp populations appear to be temperature dependent, occurring in the range of 18-26 C. Additionally, the duration of the mortality events have typically lasted up to several weeks and only affected common carp. Lastly, the occurrence of KHV in mass mortalities of wild carp is often associated with other bacterial or parasitic agents. For instance in the carp die-off events in the Kawartha Lakes (reported herein), Santee-Cooper reservoir (Terhune et al., 2004) , and Chadakoin River (Grimmett et al., 2006) , pathogens such as Favobacterium columnare and Aeromonas sobria were isolated in addition to KHV. The finding of mixed etiologies associated with wild carp die-offs has led to the suggestion that the magnitude of KHV associated wild carp die-offs is exacerbated by the synergistic effects between KHV and other pathogens (Terhune et al., 2004) .
It is unclear what impacts the die-off events had on the populations of wild carp in the Kawartha Lakes region of Ontario and in Lake Manitoba. Experimental studies have demonstrated that common carp surviving KHV disease become virus carriers (St-Hilaire et al., 2005) and provide a source of virus to naïve hosts. Therefore eradication of virus from bodies of water with large wild carp populations is extremely difficult. Often dispersal of the pathogen to adjoining water bodies is observed following the initial detection, as was noted in angling waters of the UK (Way, 2008) , Japan (Sano et al., 2004) , and in the Kawartha Lakes reported herein. However, the mere presence of the pathogen in bodies of water does not always equate to mortality events, and it is unclear what the critical predisposing factors are.
In summary, through the use of PCRbased methods we detected and confirmed KHV in wild carp populations in Canada. This investigation extends the geographic range of the virus and further confirms that amplification of KHV DNA by PCR is the most sensitive diagnostic tool for detection of KHV (Haenen et al., 2004) . Despite the inability to isolate KHV by cell culture, PCR-based methods detected KHV in various tissues of nine wild common carp sampled from lakes in Ontario and Manitoba. The results from the nested PCR and quantitative PCR utilized in this study were in full agreement, with the advantage of qPCR allowing for KHV concentrations to be determined. Although a small number of samples were analyzed, the wide range of KHV concentrations observed for nine dead or dying wild carp suggests that genome copy number alone may not be a good predictor of KHV disease progression in wild common carp. Further investigations of viral loads in wild carp sampled during KHV epidemics would be valuable to further understand the correlation between virus DNA copy number and disease status.
